Single molecular fluorescence in situ hybridization (smFISH) detects RNA transcripts with spatial information and digital molecular counting. However, the broad usage of smFISH is still hindered by the complex chemical probe conjugation or microscopy set-up, especially for investigating multiple gene expression. Here we present a multiple fluorophore enzymatic labeling method (termed HuluFISH) for smFISH probes to achieve flexible combinatorial color barcoding in single hybridization step. The multiplex capacity of HuluFISH follows an exponential growth with the increase of the number of fluorophore types. We demonstrate that this method can be used to detect cellular heterogeneity in embryonic mouse brain on single cell level.
Introduction
Since the invention of in situ hybridization 1 , it has been continuously advancing our understanding of gene expression with spatial information. The smFISH technology pioneered by Robert Singer's lab 2 and further developed by Raj et al. 3 , brings in situ RNA quantification into single molecular and digital manner. Nevertheless, the limited choices of single fluorophore on probes cannot cope with the increasing demand of simultaneous multiple gene detections. Although sequential hybridization has been employed to achieve multiplex gene detection using smFISH 4, 5 , sophisticated experimental settings hinder its broad applications in the biomedical community. One alternative strategy for increasing the multiplexity beyond fluorophore limit is using combinatorial color barcoding via spectral or spatial separated groups of smFISH probe 6, 7 . Current combinatorial barcoding either needs a long gene target for mRNA 6 or only targets intrinsically non-stable introns 7 , and thus restricts their applications from detecting the majority of transcripts (median mouse coding DNA sequence (CDS) length is 1026 bp). Therefore, a combinatorial color barcoding on the individual smFISH probe will empower the conventional smFISH with massive color combinations with the same number of probes.
Results
Conventional smFISH probes or its derivatives are using chemical labeling for conjugating a fluorophore to the internal, 5' or 3' end of an unlabeled oligonucleotide pre-equipped with an amine group, which is readily reacting with fluorophores functionalized with a N-Hydroxysuccinimide (NHS) ester 2, 8, 9 . We apply a novel enzymatic fluorophore labeling method, which is based on the usage of T4 DNA ligase (T4DL), for HuluFISH 1.0. It does not require any amine modification of unlabeled gene-specific oligonucleotides (GSO) for HuluFISH probe. As a consequence, it is now possible to costeffectively synthesize single fluorophore labeled smFISH probes ( Figure   1a ). Comparing with other enzymatic labeling methods we have tested, T4DL has the most cost-effective design (Suppl. Figure1a). In the T4DL based labeling strategy, only a standard PCR primer quality oligonucleotide is required, and the free 3' hydroxyl group from the GSO is enzymatically conjugated with a common pre-fluorescently-labeled oligonucleotide (termed Hulu), mediated by an adaptor with 4 bp 3' degenerative sequence to facilitate duplex formation ( Figure 1a ). This new T4DL based chemistry also abolishes the necessity of HPLC purification of the HuluFISH probe (Suppl. Currently, the smFISH probe selection is based on melting temperature (Tm) 3 or Gibbs free energy 10 , which are not very indicative of probe hybridization efficiency. We developed a pipeline based on Primer3 11 and DECIPHER 12 to design and filter for GSO with high hybridization efficiency, which is a more tangible indicator (Figure 1c ). Comparing with the conventional Tm based method, our probe design has a better signal-to-noise ratio (SNR) and higher contrast (Figure 1d and 1e). With this new approach, we still have short probe (17-21 bp) to minimize the off-target effect, and a good balance between hybridization capacity and the number of probes we could design for smaller RNA (minimally 24 GSOs). This can be used for customized probe design for any other smFISH methods.
In principle, our T4DL based labeling method also enables multiple fluorophore labeling if the Hulu oligonucleotide is pre-synthesized with multiple fluorophores. However, the technical complexity increases with the number of fluorophores to be incorporated into a single oligonucleotide. Therefore, we extended the T4DL based labeling to multiple-way ligation for incorporating multiple single fluorophore labeled Hulu oligonucleotides (HuluFISH 2.0, Figure 2a ). Ligation control experiment shows that HuluFISH 2.0 has a specific ligation product for Gapdh HuluFISH probes, and higher yield compared with the HuluFISH 1.0 (Suppl. Figure 2a ). The HuluFISH 2.0 is insensitive to ligation conditions (Suppl. Figure 2b) , which demonstrates the robustness of its probe preparation over temperature, reaction time, etc.
One critical challenge for using multi-colored probe is that when multiple fluorophores are close to each other, they could be quenched by multiple mechanisms, for example, self-quenching and Förster resonance energy transfer (FRET) 13, 14 . Considering the size limitation of the Hulu oligonucleotide, here we use 15 bp spacing for the individual dye, and an adaptor oligonucleotide annealed with the Hulu oligonucleotide in order to rigidify the ssDNA backbone for dyes ( Figure 2b ).
Gapdh probe staining without the adaptor masks the FISH signal by fusing dots with a high background in all channels for Atto488, Atto565, and Atto647N ( Figure 2c ). And these dot-like signals in 3 channels are not colocalized very well. With the stabilization by the adaptor oligonucleotide, individual clear dots can be obtained in all 3 channels and well co-localized within every channel for Gapdh probes (Figure 2d ). Without GSO, the Huluadaptor duplex does not generate any dot-like signal (Suppl. Figure 2c ). With the multiple labeling capacity of our method, we could assign various color combinations to a panel of genes, and decode the dots by counting their appearance in channels (Suppl. Figure 2d ). The evolved multiple fluorophore labeling capability with HuluFISH 2.0 extends the conventional smFISH with an autonomous combinatorial color barcoding mechanism. Fluorophores in each color combination are covalently linked with the individual probe, therefore the fluorophore stoichiometry is invariable between probes. During imaging acquisition, the intensity ratio between fluorophores will be independent of the brightness of FISH dots. The barcoding capacity simply increases with the exponentials of the channel (fluorophore choice) number n (the theoretical number of combinations is the sum of all color combinations:
If the relative ratio of the maximal intensities of each FISH dot among channels can be precisely determined, the number of combinations can be higher.
One of the most interesting applications for smFISH is exploring the multiple 
Discussion
Here, we present the HuluFISH as a new framework for smFISH. HuluFISH has the capability to enzymatically ligate multiple fluorophores to probes, which are designed based on their hybridization efficiency. And this new approach allows us to simultaneously detect genes with the multiplexity that increases exponentially with the number of available microscopy lasers and fluorophore types. With 4 to 5 color channels, it is possible to image 15 to 31 genes in one round of hybridization, which will fulfill a large number of experimental needs in detecting multiple RNA species, without resorting to multiple-step sequential hybridizations or super-resolution microscopy.
HuluFISH labeling method is compatible with any other FISH related techniques. In particular, SeqFISH 4 or MERFISH 5 could employ HuluFISH labeling to either reduce the number of hybridization steps for fixed multiplexity or increase the multiplexity within their operational steps.
Multiplexing in situ quantification of gene expression has become the next frontier in many fields for biomedical research. We believe the broad application of HuluFISH and its derivatives will greatly facilitate the discovery processes like cellular heterogeneity and precise gene expression regulation, in particular for the project like the Human Cell Atlas Initiative. 
Methods

Cell culture and tissue section preparation
HuluFISH probe labeling and purification
Image analysis
Except for the nuclear outline manually defined in ImageJ, all the image analysis was performed in R, and majorly based upon the package For color decoding in samples with Hulu-probe for multiple genes, the presence of fluorophore on each channel was initially separately determined. Dual or triple color coding was assigned when FISH dots from different channels co-localized within 0.08 µm. The single color assignment required thresholding with a higher intensity, given there were three copies of fluorophores in the single-color Hulu-probe. Nuclei were manually segmented on the maximum intensity projected image in ImageJ. Without the assistance of membrane immunostaining, each identified FISH dot was assigned to its closest nuclei.
Statistical analysis
Wilcoxon two samples test was used for evaluating the significance of our 
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